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Abstract: In order to optimize and select the appropriate binder to improve the electrochemical performance of aqueous 
zinc−manganese batteries, the influences of water-soluble binders and oil-based binders on the zinc storage 
performance of manganese-based cathode materials were systematically investigated. The results show that the 
water-soluble binders with large numbers of hydroxyl and carboxyl groups are easily soluble in aqueous electrolytes, 
leading to poor electrochemical performance. Fortunately, the cathodes with polyvinylidene fluoride− 
hexafluoropropylene (PVDF−HFP) binder display high specific capacity of 264.9 mA·h/g and good capacity retention 
of 92% after 90 cycles at 100 mA/g. Meanwhile, PVDF−HFP binder with plenty of hydrophobic groups presents 
excellent ability in inhibiting cracks on the surface of electrode, reducing voltage polarization and charge transfer 
resistance, as well as maintaining electrode integrity. 
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1 Introduction 
 

The development of large-scale energy storage 
technology is the crux to the widespread use of 
renewable energy. In recent years, aqueous 
zinc−manganese batteries (ZMBs) have attracted 
wide attention because of their safety, 
environmentally friendly, high theoretical capacity 
of Zn anode (820 mA·h/g), etc [1−3]. At present, 
many modification strategies are devoted to 
improve the performance of aqueous ZMBs in 
terms of the cathode, anode and electrolyte [4−8]. 
However, there is little research on the binder of 
aqueous ZMBs. Although only a small amount of 
binder is used in electrode manufacturing, it   
plays a critical role in mechanical strength of 
electrodes and electrochemical performance of the 
batteries [9−11]. 

In aqueous ZMBs, polyvinylidene fluoride 
(PVDF) is commonly used binder on account of its 

chemical stability and insolubility in water. 
However, the active material cannot adapt to the 
huge volume change during cycle process due to 
the poor adhesion between the active material and 
the collector [12]. Water-soluble binders have been 
widely used in lithium-ion and sodium-ion batteries 
because of their low cost and non-pollution [13]. 
Sodium alginate (SA) contains a large number of 
carboxylic groups to provide good adhesion and 
less swelling in the electrolyte. The SA in the 
silicon anode makes the silicon particles have 
strong interaction and alleviate the volume 
expansion [14]. The introduction of SA and 
carboxyl methyl cellulose (CMC) binders in the 
phosphorous anodes of sodium-ion battery reduces 
the oxidation of activated phosphorus and maintains 
the structural integrity, which results in the 
excellent rate and cycling performance [15]. 
However, SA, CMC and other binders containing 
hydrophilic groups dissolve in water easily and can 
only be used in organic electrolytic cell. Therefore, 
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it is very important to develop suitable binders  
that can be used in aqueous ZMBs to promote   
the battery performance [16−18]. Polyvinylidene 
fluoride−hexafluoropropylene copolymer (PVDF− 
HFP) has been widely used as polymer matrix to 
form a gel electrolyte due to its good mechanical 
stability, low crystal characteristic, and high ionic 
conductivity [19−21]. CARDEA et al [22] used 
PVDF−HFP to prepare a membrane-like aerogel 
with highly hydrophobic nanosized pores and 
highly porous interconnected structure. SAITO   
et al [23] found that the interaction between the 
polymer and the electrolyte could affect the carrier 
concentration and fluidity of the gel electrolyte by 
adding PVDF−HFP. However, so far, there have 
been few relevant reports about PVDF−HFP as 
binder for aqueous ZMBs. 

In this work, PVDF−HFP binder was firstly 
used in aqueous rechargeable ZMBs. We 
systematically studied the effects of water-soluble 
binders, e.g. SA, polytetrafluoroethylene (PTFE), 
carboxymethyl chitosan (CTS) and oily binders 
PVDF and PVDF−HFP on the electrochemical 
performance of aqueous ZMBs. This work may 
furnish new insight into the choice of binders for 
advanced ZMBs, which may promote their practical 
application. 
 
2 Experimental 
 
2.1 Material synthesis 

SA, PTFE and CTS were dissolved in 
deionized water, while PVDF and PVDF−HFP are 
dissolved in NMP (N-methyl pyrrolidone, >99%, 
Sigma-Aldrich) solvent at room temperature. The 
preparation process of the K0.27MnO2 material was 
as follows: 5 mmol KMnO4, 44 μL hydrofluoric 
acid and 30 mL deionized water were mixed and 
stirred for 0.5 h. After the solution was completely 
dissolved, the mixture was hydrothermally treated 
at 170 °C for 12 h. The prepared material was 
washed with deionized water, and then dried in a 
vacuum oven at 80 °C for 12 h. 
 
2.2 Material characterization 

X-ray diffraction (XRD) was performed on an 
X-ray diffractometer equipped with a Cu target 
X-ray tube in the 2θ range of 10°−80° at a  
scanning rate of 10 (°)/min. The morphology and 
microstructure of the as-prepared samples were 

examined via scanning electron microscopy (SEM; 
Hitachi SU8010). 
 
2.3 Electrochemical measurement 

In the electrode manufacturing process, a 
slurry was obtained by uniformly mixing 70 wt.% 
of the active material, 20 wt.% of conductive 
carbon, and 10 wt.% of the binder in a certain 
amount of solvent. The obtained slurry was evenly 
coated on the steel mesh and dried in a vacuum 
oven at 80 °C for 12 h. The diameter and mass 
loading of K0.27MnO2 electrode were 12 mm and 
1−1.5 mg/cm2, respectively. Then, the standard 
CR2016 coin-type battery was manufactured using 
the prepared electrode as the cathode, Zn foil 
(purity 99.99%) as the counter electrode, and a 
glass fiber as the separator. The electrolyte was 
composed of 2 mol/L ZnSO4 and 0.1 mol/L  
MnSO4. The galvanostatic current electrochemical 
measurement was performed on the LAND battery 
test system (LAND CT2001A, Wuhan, China) 
within the voltage range of 0.8−1.8 V. CHI 660D 
electrochemical workstation was used to test the 
cyclic voltammetry curve with a scan rate of 
0.2 mV/s and a voltage range of 0.8−1.8 V and 
electrochemical impedance spectroscopy (EIS) was 
used at 0.01−105 Hz under the same current density. 
 
3 Result and discussion 
 
3.1 Physical and chemical performance of 

electrodes 
The stability of the electrodes with different 

binders was tested. As shown in Fig. 1(a), in the 
water-soluble binder, the electrode with CTS binder 
produced tiny particles and the active material fell 
off from the collector. The active material of 
electrode surface with PTFE binder was only 
slightly peeled off, showing good stability. 
Surprisingly, the active material of the electrode 
with SA binder fell off seriously and the electrode 
with SA binder displayed the worst stability. This 
phenomenon indicated that water-soluble binders 
provided poor bonding ability. As presented in 
Fig. 1(b), this may be because the water-soluble 
binder contained many hydrophilic functional 
groups such as hydroxyl and carboxyl groups. The 
water-soluble binder easily formed hydrogen bonds 
with water and dissolved in water. The active 
material and conductive carbon cannot tightly 
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combine with the collector because of the poor 
bonding ability. Oily PVDF and PVDF−HFP 
binders were insoluble in water, so the electrodes 
displayed excellent integrality and stability. 
However, PVDF−HFP electrode exhibited better 
stability and integrity than PVDF electrode in water, 
which may be because PVDF−HFP binder 

contained more fluorine-containing functional 
groups [24,25]. 

Subsequently, the original morphology and 
wettability of the electrodes with different   
binders were further tested, as shown in Fig. 2. The 
wettability of the electrode could be expressed by 
the contact angle. The smaller the contact angle is,  

 

 
Fig. 1 Schematic diagrams showing stability test of electrodes with CTS, SA, PTFE, PVDF and PVDF−HFP binders 
soaked in water and electrolyte (2 mol/L ZnSO4 + 0.1 mol/L MnSO4) for 30 d, respectively (a), and chemical structures 
of CTS, SA, PTFE, PVDF, and PVDF−HFP binders (b) 
 

 
Fig. 2 SEM images of pristine electrodes with SA (a, e), PTFE (b, f), PVDF (c, g) and PVDF−HFP (d, h) binders, and 
contact angles of electrodes with SA (i), PTFE (j), PVDF (k) and PVDF−HFP (l) binders tested in 2 mol/L ZnSO4 + 
0.1 mol/L MnSO4 electrolyte 
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the better the wettability of the electrode is. Wenzel 
equation is expressed as follows [26,27]:  
cos θ*=rcos θ 
 
where θ* is the rough surface contact angle, θ is the 
Young’s contact angle on an ideal smooth surface, 
and r is roughness ratio. The larger the roughness is, 
the larger the contact angle is. When the contact 
angle was greater than 90°, the electrode surface 
exhibited hydrophobicity; while when the contact 
angle was less than 90°, the electrode surface 
exhibited hydrophilicity and was wetted with  
water. In Figs. 2(i−l) and Fig. S1 in Supporting 
Information, the contact angles of the electrodes 
with CTS, SA, PTFE, PVDF, and PVDF−HFP 
binders were 39.47°, 70.56°, 124.11°, 135.29° and 
138.99°, respectively. The hydrophilicity of 
electrode with different binders from good to bad 
was CTS, SA, PTFE, PVDF and PVDF−HFP. The 
electrode with PVDF−HFP binder presented higher 
hydrophobicity than that with PVDF because     
of the introduction of fluorine-containing functional 
groups [28]. The water-soluble CTS, SA, and PTFE 
binders easily partly dissolved in excess water 
environment because of better hydrophilicity, which 
is consistent with the results in Fig. 1(a). This 
phenomenon also indicated that the water-soluble 
binders had poor bonding ability. Before cycle test, 
cracks of different sizes and degrees were produced 
on the surface of electrodes with water-soluble SA, 
PTFE and CTS binders, as shown in Figs. 2(a, b, e, f) 
and Fig. S2 in Supporting Information. The 
particles of electrode surface with PTFE binder 
agglomerated partially, and the surface cracks of 
electrode with PTFE binder were small. The surface 
cracks of electrode with SA binder were large and 
uniformly distributed. The surface cracks of 
electrode with CTS binder were the largest and 
widely distributed. Surprisingly, the particles of 
electrodes surface with oily PVDF and PVDF−HFP 
binders were evenly distributed. There were a few 
microcracks on the surface of electrode with PVDF 
binder and no cracks on the surface of electrode 
with PVDF−HFP binder. 
 
3.2 Electrochemical performance of electrodes 

with different binders 
To further understand the influence of binder 

on the electrochemical performance of cathode 
materials, the electrochemical behaviors and cyclic 

voltammetry (CV) curves of electrodes with 
different binders were compared, as shown in Fig. 3. 
The reduction peaks and oxidation peaks of 
electrodes with PVDF, PVDF−HFP and PTFE 
binders were located at 1.214/1.358, 1.232/1.367, 
1.212/1.352 V and 1.613, 1.586, 1.634 V, 
respectively. However, one of the reduction peaks 
of electrodes with SA and CTS binders (Fig. S1 in 
Supporting Information) in Supporting Information) 
almost disappeared. The remaining reduction peaks 
and oxidation peaks were located at 1.232/1.359, 
1.358/1.388 V and 1.656, 1.646 V, respectively, 
which indicated the polarization of electrodes with 
different binders from good to bad was PVDF−HFP, 
PVDF, PTFE, SA and CTS. The electrode with 
PVDF−HFP binder displayed the minimum 
polarization. 

Meanwhile, as shown in Fig. 4, the initial 
discharge capacities of electrodes with water- 
soluble CTS (Fig. S1 in Supporting Information), 
SA, PTFE binders, oily PVDF and PVDF−HFP 
binders were 186, 259, 152, 273 and 248.7 mA·h/g, 
respectively. The initial coulombic efficiencies were 
102.38%, 93.34%, 96.62%, 92.85% and 82.31%, 
respectively. The polarization phenomenon of 
electrodes with water-soluble binder was more  
and more serious during cycles. The capacity 
attenuation was obvious, which indicated the 
electrode material may have been damaged. Though 
the initial discharge capacity of electrode with 
PVDF−HFP binder was only 122 mA·h/g, as shown 
in Fig. 6(c), the capacity gradually increased and 
remained stable in subsequent cycles. The results 
also indicated that the electrode with PVDF−HFP 
binder displayed the minimum polarization and the 
best electron and ion transport dynamics during 
cycle process, which was consistent with the 
analysis in Fig. 3 [29]. 

The electrochemical impedance spectroscopy  
(EIS) reflected the interfacial resistance and ion 
diffusion of electrode materials. The spectrum was 
composed of two parts: the semicircle representing 
the medium and high frequency region and the 
straight line representing the low frequency range. 
A typical equivalent model (inset in Fig. 5(a)) and 
the impedance parameters for different electrodes 
(Table 1) were shown in Fig. 5, where R0 is the 
ohmic resistance, CPE1 represents the constant 
phase element, Rct is the charge-transfer resistance,  
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Fig. 3 CV curves of electrodes with SA (a), PTFE (b), PVDF (c) and PVDF−HFP (d) binders at 0.2 mV/s and 100 mA/g  
 

 

Fig. 4 Discharge−charge profiles of electrodes with SA (a), PTFE (b), PVDF (c) and PVDF−HFP (d) binders at 
100 mA/g 
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Fig. 5 Nyquist plots of electrodes with different binders 
before (a) and after (b) cycling at 500 mA/g 
 
Table 1 Impedance parameters (Rct) and ohmic resistance 
(Ro) of electrodes with different binders before and after 
cycles 

Binder 
Rct before 
cycling/Ω 

Rct after 
cycling/Ω 

Ro before 
cycling/Ω 

Ro after 
cycling/Ω

PVDF−HFP 6.66 491.2 3.012 2.342 

PVDF 11.67 735.3 1.61 38.88 

PTFE 16.26 867.6 4.783 4.512 

SA 17.53 1395 3.6 4.17 

CTS 23.97 10548 2.54 2.7 

 
and the inclined lines displayed in low frequency 
for different electrodes represent the Warburg 
impedance (Wo). Before cycling, the charge transfer 
resistances (Rct) of electrodes with PVDF, 
PVDF−HFP, PTFE, SA and CTS binders were 
relatively low, which were 11.67, 6.66, 16.26, 17.53 
and 23.97 Ω, respectively (Table 1). The electrode 
with PVDF−HFP binder displayed the minimum 
charge transfer resistance Rct, which might be 
ascribed to good electron and ion mobility. After 

cycling, the charge transfer resistances Rct of the 
electrodes with PVDF, PVDF−HFP, PTFE, SA and 
CTS binders increased, which were 735.3, 491.2, 
867.6, 1395 and 10548 Ω, respectively (Table 1). 
The charge transfer resistance Rct of the electrode 
with PVDF−HFP binder was much lower than that 
of other electrodes, which might be due to the 
introduction of the fluorine-containing functional 
groups and the smallest polarization during cycle 
process [30]. 

The cycling and rate performances of 
electrodes with different binders were evaluated and 
shown in Fig. 6. In Fig. 6(b), the electrode with 
PVDF−HFP binder displayed the highest specific 
capacity of 264.9 mA·h/g and capacity retention 
rate of 92% than that with other binders after    
90 cycles. The water-soluble binder containing 
hydrophilic functional groups partially dissolved in 
excessive water and cannot provide strong bonding 
ability. The active material separated from the 
collector so that the electrode with water-   
soluble binders displayed poor electrochemical 
performance. The electrode with conventional 
PVDF binder demonstrated a capacity retention rate 
of only 61%, much lower than that of the electrode 
with PVDF−HFP binder. This is because the 
electrode with PVDF−HFP binder containing large 
numbers of fluorine-containing functional groups 
changed the hydrophobicity of electrode, which 
prevented the electrolyte from penetrating and 
destroying the electrode. In Figs. 6(a) and (c), the 
rate capability and long cycle performance of 
electrodes with different binders were compared. 
Since the cycle performance of electrodes with 
water-soluble binder was particularly poor at high 
current density, the long cycle performance of 
electrodes with PVDF and PVDF−HFP binders was 
mainly shown (Fig. 6(c)). The experimental data 
showed that the electrode with PVDF−HFP binder 
displayed the high capacity and excellent cycle 
performance. 
 
3.3 Structure evolution of electrodes with 

different binders 
The SEM images and the schematic diagram 

of structure evolution of electrodes with different 
binders after cycling were displayed, as shown in 
Fig. 7, and more microcracks of the electrode with 
PVDF binder were observed after cycling. Though 
only a few particles of the electrode with PVDF  
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Fig. 6 Rate capability (a) and cycling performance (b) of electrodes with different binders at 100 mA/g and long cycling 
performance of electrodes with PVDF−HFP and PVDF binders at 500 mA/g (c) 
 

 
Fig. 7 SEM images of electrodes with SA (a, e), PTFE (b, f), PVDF (c, g) and PVDF−HFP (d, h) binders after 90 cycles 
 
binder shed and destroyed, the integrity of the 
electrode was still maintained. Meanwhile, there 
were no microcracks on the surface of electrode 
with PVDF−HFP binder. This phenomenon may be 
due to the formation of many microporous 

structures on the surface of electrode, alleviating the 
volume expansion of the active material during 
cycling. 

As shown in Fig. 8, the particles of the 
electrode with PVDF−HFP binder were combined  
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Fig. 8 Schematic diagram of structure evolution for electrodes with PVDF−HFP, PVDF and water-soluble binders 
 
strongly and did not separate from the collector 
although the surface of particles displayed a few 
slight cracks. The electrode with PVDF−HFP 
binder maintained better integrity and displayed 
minimum polarization during cycling, thus 
displaying excellent electrochemical performance, 
which were consistent with the results in Fig. 3 and 
Fig. 6(b). Meanwhile, the particles of the electrode 
with PVDF binder slightly separated from the 
collector and the surface of particles displayed 
cracks, so that the electrode with PVDF binder 
broke partly. However, more cracks of electrode 
with CTS (Fig. S1 in Supporting Information) and 
SA binders were observed. The particles of 
electrode with CTS binder were locally aggregated. 
The electrode with SA binder was damaged and 
formed many fragments. The cracks of electrode 
surface with PTFE binder were less and larger 
(Figs. 7(e) and (f)). As shown in Fig. 8, the water- 
soluble binder provided poor bonding capability so 
that many active material particles severely 
separated from the collector and displayed severe 
cracks. The integrity of electrode with water-soluble
binder was severely destroyed, which resulted in 
poor electrochemical performance (Fig. 8). 
 
4 Conclusions 
 

(1) Water-soluble binders were significantly 
inferior to oily binders, because water-soluble 
binders contained large numbers of hydrophilic 

functional groups. In the excessive water 
environment, the water-soluble binders were easy to 
partially dissolve in the electrolyte, resulting in 
poor bonding ability, which made the active 
material easily break away from the collector. 

(2) Compared with the traditional PVDF 
binder, the introduction of fluorine-containing 
functional groups on PVDF−HFP binder could 
improve the hydrophobicity of the electrode. 
Compared with the capacity retentions of 61%,   
52% and 44% for PVDF, CTS and SA electrodes, 
respectively, the PVDF−HFP electrode displayed a 
higher discharge capacity of 264.9 mA·h/g and a 
superior capacity retention of 92% after 90 cycles at 
100 mA/g. 

(3) PVDF−HFP binder displayed an important 
role in the suppression of electrode surface cracks, 
separated the active material from the collector, and 
maintained the integrity of the electrode. 
Meanwhile, it also reduced the charge transfer 
resistance and polarization, and significantly 
improved the electrochemical performance. 
 
Supporting Information 

Supporting Information is available at http:// 
www.ysxbcn.com/download/16-p3005-supporting_in
formation.pdf 
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摘  要：为了优化和选择合适的黏结剂提高水系锌锰电池的电化学性能，系统地研究水溶性黏结剂和油性黏结剂

对锰基正极材料储锌性能的影响。结果表明，含有大量羟基和羧基官能团的水溶性黏结剂易溶于水系电解液，导

致较差的电化学性能。幸运的是，采用聚偏氟乙烯−六氟丙烯(PVDF−HFP)黏结剂制备的正极材料在电流密度为

100 mA/g 下循环 90 周后表现出 264.9 mA·h/g 的高比容量，容量保持率达到 92%。与此同时，含有大量疏水性官

能团的 PVDF−HFP 黏结剂在抑制电极表面裂纹、降低电压极化和电荷转移电阻、保持电极完整性方面表现出优

异的能力。 
关键词：水系锌锰电池；黏结剂；PVDF−HFP；循环稳定性 
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